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Abstract In the present research two diﬀerent whole vehicle multibody models are established
respectively, including rigid and rigid-ﬂexible coupling multibody vehicle models. The former is all
composed by rigid bodies while in the later model, the ﬂexible rear suspension is built based on
the ﬁnite element method (FEM) and mode superposition method, in which the deformations of
the components are considered. The ride simulations with diﬀerent speeds are carried out on a 3D
digitalized road, and the weighted root mean square (RMS) of accelerations on the seat surface,
backrest and at the feet are calculated. The comparison between the responses of the rigid and
rigid-ﬂexible coupling multibody models shows that the ﬂexibility of the vehicle parts signiﬁcantly
aﬀects the accelerations at each position, and it is necessary to take the ﬂexibility eﬀects into
account for the assessment of ride comfort. c© 2013 The Chinese Society of Theoretical and Applied
Mechanics. [doi:10.1063/2.1301304]
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Vehicles travel at various speeds and experience a
large spectrum of vibrations. Due to road roughness
and vehicle vibration, occupants are subjected to accel-
erations in diﬀerent directions, which causes discomfort.
Such vibrations are transmitted to the vehicle passen-
gers as a result of their contact with the seat, steering
wheel, and foot rest. Therefore, occupant comfort is
directly associated with the ride performance of a road
vehicle. Ride comfort evaluation is a major issue in
the analysis of vehicle dynamics.1 As a necessary part
of simulation-based vehicle design, the theory of rigid
multibody dynamics methods has been widely applied
to assess ride comfort. However, due to the inevitable
deformations of ﬂexible parts of road vehicle, the ap-
plication of rigid multibody dynamics has been found
to be not suﬃcient to predict accurate results.2 The
suspension is one of the most important subsystems in
terms of vehicle dynamics performance, especially for
the ride and handling. Nevertheless, the deformations
of the upper/lower control arms and other key parts
of the suspension are generally neglected in the rigid
multibody dynamics analysis. Therefore, the ﬂexibility
of the suspension structure is taken into consideration
to make an accurate analysis of the ride comfort evalu-
ation.
As the excitations of the vehicle, road roughness is
described by the elevation proﬁle along the wheel path.
Road proﬁles are generally considered as random sig-
nals and can be described either by the proﬁles them-
selves or by their statistical properties. One of the most
used road representations is the power spectral density
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Fig. 1. The road elevation and the PSD of B level road.
(PSD) function3
Gq(n) = Gq(n0)
(
n
n0
)−W
, (1)
where n represents the spatial frequency, n0 is the ref-
erence frequency, W is the frequency index and Gq(n0)
is the PSD function at the reference frequency.
The road elevation data of the B level road (accord-
ing to the Chinese national criterion of vehicle vibra-
tion describing method for road surface irregularition,
random road surfaces are classiﬁed to 8 levels by their
power spectral density. For B level road, the average
value of displacement power spectral density coeﬃcient
Gq(n0) is 64 × 10−6 m3), as presented in Fig. 1, are
obtained according to the power spectral density of the
road roughness.4 Then a digitalized test road is estab-
lished on the basis of the coordinates of each node on
the road surface.
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Fig. 2. Constraints of rear multi-link suspension.
Fig. 3. The rigid multibody model.
In this paper, rigid and rigid-ﬂexible coupling multi-
body vehicle models were built in the ADAMS/Car soft-
ware environment. The rigid multibody vehicle model
consists of several subsystems: MacPersan-strut-type
front suspension, steering system, anti-roll bar, body,
powertrain system, multilink-type rear suspension and
tires, etc.
As an example, the topology and constraints of rear
suspension, including ﬁxed, spherical, constant-velocity,
translational, revolute joints and also bushings, are il-
lustrated in Fig. 2. Two degrees of freedom are re-
mained on each side of the suspension. One is the ro-
tational freedom of the wheel around the spindle, the
other is for wheel bouncing.
Figure 3 shows the rigid full vehicle model. The
parameters for its rigid parts such as hardpoint loca-
tion, mass, inertia tensor and center of mass (CM) lo-
cation, etc. are obtained from the vehicle computer
aided design (CAD) model. Some dynamic parameters
like damping characteristics, spring and bushing stiﬀ-
ness are obtained from physical tests.
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Fig. 4. The modeling ﬂow chart of ﬂexible body.
Fig. 5. FE model of the rear multi-link suspension.
Table 1. The modal analysis of ﬂexible bodies.
Mode
Frequencies/Hz
Subframe
Lower
controlled
arm
Upper
controlled
arm
Trailing
arm
1 147.5 238.2 334.4 533.5
2 266.1 338.7 362.0 620.8
3 267.6 484.5 538.4 941.9
4 313.8 508.5 684.7 1 053.0
5 363.3 665.9 882.8 1 274.4
6 423.6 729.7 1 151.4 1 308.3
When ﬂexible bodies are introduced into the vehi-
cle model, four steps are followed as shown in Fig. 4.
First, the ﬁnite element (FE) models of suspension are
built, in which the material parameters of each part are
deﬁned. The densities of the controlled arms and sub-
frame are all set as 7.89 g/cm3. In addition, Young’s
modulus and Poisson’s ratio are set as 207 GPa and
0.3, respectively. The FE model of the rear multi-link
suspension is depicted in Fig. 5.
In the rigid-ﬂexible coupling model, at least 27
modes of each part are truncated and the corresponding
frequency can be reached at least 11 500 Hz. Consid-
erate that vehicle vibration and harshness usually oc-
cur in the frequency range between 0 Hz and 100 Hz,5
the number of modal truncation in this model should
be considered enough for the evaluation of vehicle ride
comfort. For the simpliﬁcation, only ﬁrst six modal fre-
quencies are listed in Table 1.
The modal neutral ﬁles (MNF) for the correspond-
ing parts which contain information of mass, inertia
tensor, CM location and modal frequencies are then cre-
ated. The ﬂexible rear suspension is thereby established
after all joints and bushings are built to deﬁne motions
of each ﬂexible body. With the ﬂexible rear suspension,
the rigid-ﬂexible coupling multibody vehicle model is
assembled as shown in Fig. 6.
Before the simulations of ride comfort are carried
out, a driver control ﬁle is edited in ADAMS/Car to
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Fig. 6. The rigid-ﬂexible coupling multibody vehicle model.
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Fig. 7. Measurement points for ride comfort analysis.
make sure that the vehicle could run straightly at dif-
ferent speeds. Each simulation lasts for 20 s.
According to ISO 2631-1,6 the total values of
weighted root mean square (RMS) acceleration are em-
ployed to describe the severity of the vibration in rela-
tion to its eﬀects on human beings. Figure 7 illustrates
the measured points and the directions of the accelera-
tion. Accelerometers are installed on the seat surface,
the backrest and at the feet.
For the two diﬀerent vehicle models, accelerations in
Table 2. The total values of the weighted RMS acceleration
for the two models at diﬀerent speeds.
Velocity/(km·h−1)
Total values of the weighted RMS
acceleration/(m·s−2)
Rigid
multibody
model
Rigid-ﬂexible
coupling
multibody
model
Relative
diﬀerence
40 0.290 9 0.284 8 2.09%
50 0.321 8 0.313 0 2.73%
60 0.365 9 0.350 9 4.11%
70 0.454 8 0.431 2 5.19%
80 0.559 9 0.515 1 8.00%
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Fig. 8. Longitudinal acceleration and PSD on the seat sur-
face at 60 km/h.
Table 3. The possible reactions of passengers to diﬀerent
total values of weighted RMS accelerations.
Total values of the
weighted RMS
acceleration/(m·s−2)
Reactions
< 0.315 not uncomfortable
0.315–0.63 a little uncomfortable
0.5–1 fairly uncomfortable
0.8–1.6 uncomfortable
1.25–2.5 very uncomfortable
> 2 extremely uncomfortable
x, y and z axes on the seat surface, backrest and at the
feet are calculated at diﬀerent speeds. As an example,
results on the seat surface at 60 km/h are presented in
Figs. 8–10.
The results show that, compared with the rigid
model, the accelerations for the rigid-ﬂexible coupling
model are smaller in the time domain. In addition, the
acceleration power spectral density curves indicate that
the peaks of the rigid-ﬂexible model are lower than those
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Fig. 9. Lateral acceleration and PSD on the seat surface at
60 km/h.
of the rigid model, a consequence that a small amount
of energy is absorbed by the deformation of ﬂexible bod-
ies. Besides, the peaks of the rigid-ﬂexible curves appear
in lower frequencies, which is also a sign of better ride
comfort.
The total values of the weighted RMS acceleration
for the rigid and the rigid-ﬂexible coupling multibody
models are calculated at diﬀerent speeds. It is shown
in Table 2 that the total weighted RMS values obtained
from the rigid-ﬂexible coupling model are smaller than
those from the rigid model. Besides, the diﬀerence be-
tween them becomes larger as the speed increases, indi-
cating that the eﬀect of ﬂexible parts becomes greater
when vibration intensiﬁes. When the speed reaches
80 km/h, the former is 8% greater than the later. Since
the rigid-ﬂexible coupling multibody model gives an ad-
equate consideration of the deformations of vehicle com-
ponents, the accuracy of the ride comfort evaluation
could be signiﬁcantly improved.
As shown in Table 3, the total weighted RMS val-
ues are smaller than 0.315 m/s2 when the rigid-ﬂexible
coupling multibody vehicle model runs straightly on the
B level road at the speeds of 40 km/h and 50 km/h,
which indicates that the driver and passengers are ex-
pected to be not uncomfortable during the driving. As
the speeds reach to 60 km/h, 70 km/h and 80 km/h,
the total weighted RMS values increase correspond-
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Fig. 10. Vertical acceleration and PSD on the seat surface
at 60 km/h.
ingly. However, these values consistently range from
0.315 m/s2 to 0.63 m/s2, therefore, passengers may feel
only a little uncomfortable. In conclusion, when the ve-
hicle runs on the B level road at diﬀerent speeds, the
ride performance of the vehicle is fairly satisfactory.
This paper presents a procedure of ride comfort
analysis on the basis of the whole rigid and rigid-ﬂexible
coupling vehicle models. The two models were built
in the ADAMS/Car software environment, and simula-
tions were carried out on a digitalized B level test road.
Based on the comparison between ride comfort analyses
of the two models, it can be concluded that the applica-
tion of the rigid-ﬂexible multibody dynamics can lead to
a measurable improvement on the accuracy of the ride
comfort evaluation. Moreover, the higher the speed is,
the more improvement there will be. Therefore, when
ride comfort simulation is performed in the virtual envi-
ronment, some of the vehicle key parts had better to be
modeled as ﬂexible parts, especially at the high vehicle
speed.
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